Introduction
============

Glaucoma is a progressive degenerative disease of the retina resulting in the death of the retinal ganglion cells, and constitutes a leading cause of irreversible blindness worldwide. The pathophysiology behind anatomic and functional damage inflicted by glaucoma is still not completely understood. Increased intraocular pressure (IOP) is the most established risk factor for this condition.[@b1-dddt-11-1267] However, occurrence of glaucomatous optic nerve damage is possible even in eyes with normal IOP, a condition characterized as normal- or low-tension glaucoma. This observation has led to the investigation of further possible risk factors, with endothelium-dependent vascular dysregulation being the most studied.[@b2-dddt-11-1267]--[@b7-dddt-11-1267] Subsequent vascular insufficiency is believed to alter normal blood flow and generate damage to the optic nerve. It has also been hypothesized that episodes of transient ischemia and reperfusion add to the optic nerve injury.[@b8-dddt-11-1267]

Another factor which is believed to contribute to the pathogenesis of glaucomatous optic nerve damage is increased platelet aggregability, possibly triggering microthrombosis of the retinal capillaries and the short ciliary arteries, which result in vascular damage and generate defects in the microcirculation of the optic nerve head.[@b9-dddt-11-1267]--[@b16-dddt-11-1267] From very early on, Drance et al noticed an increased platelet adhesiveness (over 60% adhesiveness) in a subgroup of 45 patients with low-tension glaucoma.[@b10-dddt-11-1267] Hoyng et al observed a higher incidence of spontaneous platelet aggregation (SPA) in elderly patients with primary open angle glaucoma (POAG), independent of the presence or absence of vascular diseases,[@b11-dddt-11-1267] while in a follow-up study, the same group observed a high percentage of SPA in POAG patients with visual field deterioration.[@b12-dddt-11-1267] It also seems that these defects in platelet function are more pronounced in patients with low-tension glaucoma.[@b16-dddt-11-1267] Circulating platelet aggregate values are also high in glaucoma patients compared to healthy individuals, indicating a prothrombotic state.[@b15-dddt-11-1267]

Considering the results of past studies showing that platelet hyperfunction may be associated with the pathogenesis of glaucoma, it is possible that anti-glaucomatous drugs may exert part of their action through interaction with the platelet aggregation process, in addition to their known pharmacological properties. This hypothesis motivated us to test the anti-platelet potential of a series of anti-glaucomatous eye drops, through inhibition of in vitro induced platelet aggregation. For the experiment, platelet-rich plasma (PRP) was isolated from healthy volunteers' blood, and aggregation was induced in vitro using four known aggregating factors (platelet activating factor \[PAF\], adenosine diphosphate \[ADP\], thrombin receptor-activating peptide \[TRAP\], and arachidonic acid \[AA\]). In our previous study, we examined the inhibitory effects of a series of anti-glaucomatous eye drops on PAF-induced aggregation in washed rabbit platelets.[@b17-dddt-11-1267] To our knowledge, the current study is the first to investigate this effect on human platelets, and the first to test ADP, TRAP, and AA, as well.

Materials and methods
=====================

Materials and instrumentation
-----------------------------

Platelet aggregation assay was performed on a 490 X model (Chrono-Log, Havertown, PA, USA). All aggregation factors (PAF, TRAP, AA, and ADP), as well as bovine serum albumin (BSA), were purchased from Sigma-Aldrich Co. (St Louis, MO, USA).

Acid-citrate-dextrose (ACD) anticoagulant solution was prepared by dissolving in water: citric acid (PanReac AppliChem, Inc., Maryland Heights, MO, USA), sodium citrate (Thermo Fisher Scientific, Waltham, MA, USA), and dextrose (Sigma-Aldrich Co.) to final concentrations of 0.065 M, 0.085 M, and 0.0111 M, respectively.

In this study, the following eye drops were tested: Alphagan (Allergan, Inc., Irvine, CA, USA), Azarga (Alcon Laboratories, Inc., Fort Worth, TX, USA), Betoptic (Alcon Laboratories, Inc.), Cosopt (MSD-Chibret, Mirabel, France), Duotrav (Alcon Laboratories, Inc.), Trusopt (MSD-Chibret), and Xalaprost (Aspen Pharma Pty Ltd, St Leonards, NSW, Australia).

Methods
-------

Every volunteer signed an informed written consent to participate in the study, and the Ethics Committee of the G Gennimatas General Hospital of Athens approved the protocol. Human blood was collected from the antecubital vein of healthy volunteers, and transferred to four polyethylene tubes containing anticoagulant (0.1 M buffered dextrose citrate, ACD) in a ratio of blood/anticoagulant: 9/1 (v/v) to a final volume of 15 mL. The isolation of PRP was obtained by centrifugation of blood specimens at 170× *g* for 18 min. PRP was then transferred to polypropylene tubes at room temperature for the biological assay, whereas poor platelet plasma (PPP) was obtained by further centrifuging the specimens at 1,500× *g* for 25 min. PRP was adjusted to 500,000 platelets/μL using the respective PPP. All procedures took place at 24°C (room temperature).

The samples were dissolved in BSA and the induced aggregation was examined with PRP according to the method of Demopoulos et al.[@b18-dddt-11-1267] Each sample was added 1 min prior to the addition of the aggregation factor. The final concentration of each aggregating factor in the cuvette was 3.33 μM for PAF, 0.82 μM for ADP, 0.01 μM for TRAP, and 0.15 μM for AA. The induced platelet aggregation was measured before (considered as 0% inhibition), and after the addition of various concentrations of the examined sample. Consequently, the plot of percentage inhibition (ranging from 20% to 80%) versus different concentrations of the sample was linear. From this curve, the concentration of the sample that inhibited 50% factor-induced aggregation was calculated, and this value was defined as IC~50~. The minimum and maximum values of inhibition are demonstrated in [Table 1](#t1-dddt-11-1267){ref-type="table"}. The experiments were performed in duplicate. IC~50~ results were reported in μL for each eye drop sample.

Statistical analysis
====================

The results are expressed as mean and standard deviation. Differences between samples were tested with one-way ANOVA with post hoc analysis for multiple comparisons. Statistical significance was considered as *P*\<0.05. The analysis was performed using SPSS Statistics 20 (IBM Corporation, Armonk, NY, USA).

Results
=======

Our study results showed that almost all of the tested samples inhibited platelet aggregation induced by PAF, ADP, TRAP, and AA. An exception to this was observed in the case of Alphagan, which could not demonstrate inhibitory effects on ADP- and TRAP-induced aggregation at a wide range of concentrations. Regarding Trusopt, IC~50~ in μL was 2.3±1.7, 4.1±0.3, 25.5±2.0, 25.6±1.8, Xalaprost, 15.9±2.1, 15.8±1.7, 16.5±1.6, 70±1.5, Betoptic, 2.1±0.2, 4.7±1.1, 25.4±0.9, 20.9±1.9, Cosopt, 3.2±0.8, 1.0±0.4, 58.8± 1.1, 46.7±1.3, Azarga, 0.1±0.1, 2.1±0.3, 35.1±1.2, 27.6±1.3, Duotrav, 23.6±0.9, 23.8±1.2, 176.3±21.8, 23.8±1.3, for PAF, ADP, TRAP, and AA, respectively. The IC~50~ in μL of Alphagan was 29±0.9 and 352.5±21.2 for PAF and TRAP, respectively. The aforementioned results are summarized in [Table 2](#t2-dddt-11-1267){ref-type="table"} and illustrated in [Figure 1](#f1-dddt-11-1267){ref-type="fig"}.

Concerning the statistical analysis, the results revealed that Trusopt, Betoptic, and Azarga were the most potent inhibitors in all four aggregation factors. On the other hand, Alphagan was the least potent. The rest of the eye drops, namely Xalaprost, Cosopt, and Duotrav showed an intermediate inhibitory action. In particular, regarding TRAP; Trusopt, Xalaprost, Betoptic, Cosopt, and Azarga displayed a similar inhibitory action, followed by Duotrav, and then Alphagan as the least potent inhibitor. For PAF; Azarga, Trusopt, Betoptic, and Cosopt were the most potent inhibitors, followed by Xalaprost, then Duotrav, and last Alphagan. Concerning ADP; Azarga, Cosopt, Trusopt, and Betoptic were the most potent inhibitors, followed by Xalaprost and then Duotrav, while Alphagan showed no inhibitory action at all. Regarding AA; Betoptic, Trusopt, Azarga, and Duotrav displayed the most potent inhibition, followed by Cosopt and then Xalaprost, while Alphagan showed no inhibitory action at all. In all cases *P*\<0.05.

Discussion
==========

A high IOP is generally accepted as a risk factor for glaucomatous optic nerve damage onset and progression. However, the increased IOP theory alone cannot explain the glaucomatous optic neuropathy observed in patients with normal IOP. Research has implicated vascular factors in the development of this type of injury. Past studies have demonstrated an association between glaucoma and a high degree of platelet aggregability.[@b9-dddt-11-1267]--[@b12-dddt-11-1267],[@b15-dddt-11-1267],[@b16-dddt-11-1267] In the early 70s, Begg et al recognized that small vessel disease was associated with glaucomatous atrophy of the optic nerve head, and characterized a hypercoagulable state as a predisposition for glaucoma.[@b9-dddt-11-1267] Two years later, Drance et al observed an increased platelet adhesiveness (over 60%) in the majority of patients with low-tension glaucoma that they examined.[@b10-dddt-11-1267] A limitation of this study was that no group was used for statistical comparison regarding this outcome. The studies of Hoyng et al shed new light on the topic. Their team tested platelet aggregation in 79 patients with POAG, and in 81 patients with ocular hypertension but no glaucomatous damage, to find a higher incidence of SPA in patients with POAG over 70 years of age.[@b11-dddt-11-1267] Remarkably, the high incidence of SPA in patients with POAG was observed to be independent of the presence or absence of vascular diseases.[@b11-dddt-11-1267] In a follow-up study, the same group observed a higher percentage of SPA in POAG patients with visual field deterioration, compared to POAG patients without visual field loss and patients with ocular hypertension but no visual field defects.[@b12-dddt-11-1267] A Croatian study reported a higher ratio of circulating platelet aggregates in patients with advanced glaucoma accompanied by visual loss, compared to healthy controls.[@b15-dddt-11-1267] However, the same team failed to demonstrate a statistically significant difference in circulating platelet aggregates between patients with POAG and progression of visual field loss, and patients with POAG and non-progressive loss of visual fields, even though circulating platelet aggregate values were pathologic and higher in the former group.[@b19-dddt-11-1267] Nevertheless, this observation does not exclude increased platelet aggregability as a risk factor for glaucomatous optic nerve injury. It is increasingly accepted that the pathogenesis of glaucoma is multifactorial, and indeed high platelet aggregability cannot solely explain visual field loss in glaucoma patients. A Japanese study confirmed the role of platelet hyper-aggregation in glaucoma. They observed that an increased platelet aggregation as defined by ADP- or collagen-induced abnormal secondary aggregation in-vitro is frequently associated with glaucoma patients.[@b16-dddt-11-1267] Interestingly, this tendency is more apparent in patients with normal-tension glaucoma.[@b16-dddt-11-1267]

The exact mechanism of glaucomatous damage due to platelet hyper-aggregation is not clear. It has been postulated that microcirculatory defects, such as vasoconstriction and retention of blood, damage endothelial cells, leading to sub-endothelial collagen exposure which triggers platelet aggregation, subsequently causing ischemic injury of the optic nerve.[@b12-dddt-11-1267],[@b16-dddt-11-1267],[@b20-dddt-11-1267] The Ocular Hypertension Treatment Study demonstrated that occurrence of disc hemorrhage predisposes to the development of POAG,[@b21-dddt-11-1267] while later Shim et al[@b22-dddt-11-1267] claimed that micro-infarctions within the optic nerve head and retinal circulatory disorders may be the cause of disc hemorrhages in patients with normal-tension glaucoma.[@b9-dddt-11-1267],[@b22-dddt-11-1267]--[@b24-dddt-11-1267] Platelets indeed seem to play a role in this process. However, the primary risk factor for disc hemorrhages in these experiments was found to be delayed -- instead of increased -- platelet aggregation.[@b22-dddt-11-1267] A possible cause of platelet hyper-reactivity in patients with glaucoma may involve the pigment epithelium-derived factor (PEDF). PEDF is a multifunctional secreted protein that has been found to possess antithrombogenic, anti-angiogenic, and vasculoprotective properties in vivo, thereby protecting against vascular events.[@b25-dddt-11-1267]--[@b28-dddt-11-1267] Also, PEDF suppresses occlusive thrombus formation by inhibiting platelet activation and aggregation in rats through its anti-oxidative properties.[@b29-dddt-11-1267] In glaucomatous eyes, PEDF is significantly reduced,[@b30-dddt-11-1267] a fact which may predispose to increased platelet aggregability and the establishment of a thrombogenic state. A final explanation could be that platelet aggregates exclusively promote an elevated IOP by blocking the physiological pores of Schlemm's canal.[@b31-dddt-11-1267] Platelets' role is fundamental in the function of the inner wall of Schlemm's canal.[@b31-dddt-11-1267] A disruption or alteration in their function may result in extensive pore occlusion and decreased aqueous humor drainage. However, this does not explain low-tension glaucoma.

This study examined, for the first time in scientific literature, the anti-platelet properties of anti-glaucomatous drugs as determined by inhibition of in vitro induced human platelet aggregation using four known aggregating factors (PAF, ADP, TRAP, and AA). Our previous study determined the anti-aggregating effects of anti-glaucomatous drugs on washed rabbit platelets, and after stimulation by PAF only.[@b17-dddt-11-1267] Our results indicate that anti-glaucomatous drugs exhibit anti-platelet properties. In general, the most potent inhibition was seen when aggregation was induced by PAF and ADP, and it was less apparent with TRAP and AA. Concerning the drugs, Azarga, Betoptic, and Trusopt demonstrated the most potent inhibitory action, while Alphagan was the least potent. It is quite interesting that each tested eye drop displayed a nearly similar effect on the four different aggregation factors. This fact indicates that general/non-specific, instead of specific, inhibition exists that may be crucial at a clinical practice level.

Unfortunately, there are no large studies examining the role of platelet hyper-aggregation in glaucoma, and most of our reviewed studies have included a limited number of patients and controls. Another limitation of our study, is that we are not able to conclude whether the anti-aggregating effect of the tested eye drops is due to the active ingredients, or due to included excipients in the drugs. Finally, in our experiments, we did not examine the role of the coagulation cascade and the fibrinolytic system, which are concomitantly activated with the platelet aggregation process, and have also been mentioned in studies investigating the vascular mechanisms behind glaucomatous optic nerve damage.[@b10-dddt-11-1267],[@b16-dddt-11-1267],[@b32-dddt-11-1267]--[@b34-dddt-11-1267] We hope that this information will be a topic of interest in future studies launched by our results.

It is important that we investigate the pathophysiology behind glaucomatous optic damage with a broad and holistic approach. Currently, increased IOP is the best-established risk factor.[@b1-dddt-11-1267] Yet, it does not explain glaucomatous optic damage observed in patients with normal IOP. Altered platelet aggregability is a potential risk factor for this disorder. Preliminary results of our project show that IOP lowering eye drops can have an effect on platelets and inhibit their aggregation process. This anti-platelet potential may be another mechanism through which these drugs halt glaucoma progression. Known anti-platelet agents, and their effect on glaucoma optic neuropathy progression should be the topic of research in future targeted studies. For instance, a long-term anti-platelet therapy (eg, low-dose aspirin) trial in patients with glaucoma -- a suggestion made by other research teams as well[@b16-dddt-11-1267],[@b35-dddt-11-1267] -- is a good idea to study this topic at the level of the intervention.
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###### 

The minimum and maximum values of inhibition against TRAP, PAF, ADP, and AA, along with the corresponding volume of sample in the parenthesis

  Samples     TRAP       PAF       ADP       AA                                       
  ----------- ---------- --------- --------- --------- ---------- --------- --------- ---------
  Trusopt     7 (17)     84 (48)   31 (1)    89 (30)   13 (0.2)   94 (5)    7 (20)    96 (30)
  Xalaprost   7 (6)      99 (48)   19 (10)   93 (45)   8 (1)      92 (44)   29 (40)   
  Betoptic    13 (10)    93 (47)   19 (2)    96 (45)   18 (0.1)   94 (20)   29 (20)   93 (30)
  Alphagan    7 (47)     13 (15)   91 (45)   ND        ND                             
  Cosopt      40 (47)    29 (2)    75 (10)   30 (1)    71 (2)     43 (40)             
  Azarga      13 (0.5)   73 (47)   44 (1)    83 (5)    7 (2)      84 (10)   27 (10)   53 (30)
  Duotrav     65 (47)    7 (2)     73 (45)   7 (2)     73 (44)    7 (40)              

**Note:** Inhibition was dose-dependent with some samples and stable (no demonstration of minimum and maximum values) with others.

**Abbreviations:** TRAP, thrombin receptor-activating peptide; PAF, platelet activating factor; ADP, adenosine diphosphate; AA, arachidonic acid; ND, not detected.

###### 

IC~50~ values for each sample after stimulation with each of the four aggregating factors, compared using one-way ANOVA

  Samples         IC~50~ (μL) ±SD                                                                                    
  --------------- -------------------- ------- ------------------- ------ ----------------- ------ ----------------- ------
  a\) Trusopt     25.5^d,g^            ±2.0    2.3^b,d,g^          ±1.7   4.1^b,g^          ±0.3   25.6^b,e^         ±1.8
  b\) Xalaprost   16.5^d,g^            ±1.6    15.9^a,c,d,e,f,g^   ±2.1   15.8^a,c,e,f,g^   ±1.7   70.0^a,c,e,f,g^   ±1.5
  c\) Betoptic    25.4^d,g^            ±0.9    2.1^b,d,g^          ±0.2   4.7^b,g^          ±1.1   20.9^b,e^         ±1.9
  d\) Alphagan    352.5^a,b,c,e,f,g^   ±21.2   29.0^a,b,c,e,f,g^   ±0.9   --                --     --                --
  e\) Cosopt      58.8^d,g^            ±1.1    3.2^b,d,g^          ±0.8   1.0^b,g^          ±0.4   46.7^a,b,c,f,g^   ±1.3
  f\) Azarga      35.1^d,g^            ±1.2    0.1^b,d,g^          ±0.1   2.1^b,g^          ±0.3   27.6^b,e^         ±1.3
  g\) Duotrav     176.3^a,b,c,d,e,f^   ±21.8   23.6^a,b,c,d,e,f^   ±0.9   23.8^a,b,c,e,f^   ±1.2   23.8^b,e^         ±1.3

**Notes:** IC~50~ was defined as the concentration of the sample needed to inhibit 50% of factor-induced aggregation. The results are expressed as mean values (±SD) of two separate experiments. The exponent after each value expresses the statistically significant difference with the sample that the exponent represents from the first column, *P*\<0.05.

**Abbreviations:** TRAP, thrombin receptor-activating peptide; PAF, platelet activating factor; ADP, adenosine diphosphate; AA, arachidonic acid; SD, standard deviation.
